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I. METHODS EMPLOYED TO OBTAIN UNIQUE 
POLYMORPHIC FORMS 

Organic medicinal agents that can exist in two or more solid chases 
often can provide some distinct advantages in particu p^catioT 

Ion of h h S0,ld T y bC PrCferred in those where ab Z- 

tion of the drug ls d,ssolntion rate dependent. The stable phase Zv 

f^lvlTT* h ChemiCal decom P-^n and may bete on y 
fonn that can be used m suspension formulations. Often a metastab e 

Si; e ? capsules or for tabletin ^ and the ~ 

namically stable form for suspensions. Factors related to processing 
such as powder flow characteristics, compressibility, filte^X 

the hth , C K S , eS ' 3 PamCUlar f0rm ^ be sele «ed because of 
ToX" P * aSS ° dated ^ kS iS ° lati0n in the « 

It is essential to ascertain whether the crystalline material that 
results from a synthetic procedure is ^dynamically s^ before 
conducting pxvotal trials, since a more stable form may b obTJZ 
subsequently, and it may be impossible to produce the met^ form 

ZcTZZT*- C ° nVerS10n fr0m ° nC POl ^ h * anot er c" 
occur dunng processing or upon storage. An additional incenttve for 
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isolating and identifying polymorphs that provides certain advantages 
is the availability of subsidiary patents for desirable polymorphic 
forms, or for retaining a competitive edge through unpublished knowl- 
edge. In 1990 Byrn and Pfeiffer found more than 350 patents on crystal 
forms granted on the basis of an advantage in terms of stability, formu- 
lation, solubility, bioavailability, ease of purification, preparation or 
synthesis, hygroscopicity, recovery, or prevention of precipitation [1]. 

One question that is likely to arise during the registration process 
is "What assurance can be provided that no other crystalline forms of 
this compound exist?" It is incumbent on the manufacturer of a new 
drug substance to show that due diligence has been employed to isolate 
and characterize the various solid-state forms of a new chemical entity. 
This may seem to be a daunting task, particularly in light of the widely 
quoted statement by Walter C. McCrone [2] that "Those who study 
polymorphism are rapidly reaching the conclusion that all compounds, 
organic and inorganic, can crystallize in different crystal forms or poly- 
morphs. In fact, the more diligently any system is studied the larger 
the number of polymorphs discovered." On the other hand, one can 
take comfort from the fact that some important pharmaceuticals have 
been in use for many years and have, at least until now, exhibited only 
one stable form. Indeed, it seems to this author that there must be partic- 
ular bonding arrangements of some molecules that are so favorable 
energetically as to make alternate arrangements unstable or nonisolat- 
able. 

In the future, computer programs using force-field optimization 
should be perfected to the point where it will be possible to predict, 
with confidence, that a particular crystalline packing arrangement is 
the most stable that is likely to be found. These programs also may 
make it possible to predict how many alternate arrangements having 
somewhat higher energy can potentially be isolated [3,4]. Until that 
time, the developmental scientist is handicapped in attempting to pre- 
dict how many solid forms of a drug are likely to be found. The situa- 
tion is further complicated by the phenomenon of "disappearing poly- 
morphs' ' [5], or metastable crystal forms that seem to disappear in. 
favor of more stable ones. 

Some polymorphs can be detected, but not isolated. Hot stage 
microscopy has been used extensively to study polymorphic transfer- 
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mations. The microscopist can detect numerous polymorphic transfor- 
mations, but the individual polymorphs often prove to be so unstable 
that they cannot be isolated by the usual methods. An excellent example 
of this is the work of GrieBer and Burger on etofylline [6]. These au- 
thors identified five polymorphic forms by thermomicroscopy, but only 
stable Modification I could be obtained by recrystallization, even when 
seed crystals from the hot stage were used. Similarly, Kuhnert-Brand- 
statter, Burger, and Vollenklee [7] described six polymorphic forms of 
piracetam, only three of which could be obtained by solvent crystalliza- 
tion. All the others were found only by crystallization from the melt. 
What, then, is a careful investigator to do? 

In this chapter, the various methods used to isolate polymorphs, 
hydrates, and solvates will be described. As Bernstein [8] has observed! 
' 'The conditions under which different polymorphs are obtained exclu- 
sively or together also can provide very useful information about the 
relative stability of different phases and the methods and techniques 
that might be necessary to obtain similar structures of different chemi- 
cal systems." In this context, it is hoped that the following information 
will prove useful in devising a "screening" protocol for the preparation 
of the various solid state forms of pharmaceuticals. While one cannot 
be absolutely certain that no additional forms will be identified in the 
future, this approach should provide some assurance that "due dili- 
gence" has been exercised to isolate and identify crystalline forms that 
are likely to arise during the normal course of drug development and 
storage. 



A. Sublimation 

On heating, approximately two-thirds of all organic compounds are 
converted partially from the solid to the gaseous state and back to solid, 
i.e., they sublime [9], While strictly speaking the term sublimation re- 
fers only to the phase change from solid to vapor without the interven- 
tion of the liquid phase, it is often found that crystals are formed on 
cooler surfaces in close proximity to the melt of organic compounds 
when no crystals were formed at temperatures below the melting point. 
The most comprehensive information concerning sublimation tempera- 
tures of compounds of pharmaceutical interest can be found in tables 
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in the textbook of Kuhnert-B rands tatter [9]. While the information in 
these tables is designed primarily for the microscopic examination of 
compounds, it is also possible to utilize it to determine which com- 
pounds might be susceptible to the application of techniques (such as 
vacuum sublimation) that can be carried out on larger scales and at 
lower temperatures. 

The sublimation temperature and the distance of the collecting 
surface from the material undergoing sublimation have a great influ- 
ence on the form and size of the crystals produced. The occurrence of 
polymorphic modifications depends on the temperature of sublimation. 
In general-, it may be assumed that unstable crystals form preferentially 
at lower temperatures, while at higher temperatures stable forms 'are 
to be expected. Nevertheless, mixtures consisting of several modifica- 
tions are frequently found together. This is the case for barbital and 
for estradiol benzoate. It should be obvious that the sublimation tech- 
nique is applicable only to those compounds that are thermally stable. 

A simple test can be used to determine if a material sublimes. A 
small quantity (10-20 mg) of the solid is placed in a petri dish that is 
covered with an- inverted watch glass. The petri dish is heated gently 
on a hot plate and the watch glass is observed to determine if crystals 
are growing on it. According to McCrone [2], one of the best methods 
for obtaining a good sublimate is to spread the material thinly over a 
portion of a half-slide, cover with a large cover glass, and heat slowly 
using a Kofler block. When the sublimate is well formed, the cover 
glass is removed to a clean slide for examination. It is also possible 
to form good crystals by sublimation from one microscope slide to a 
second held above it, with the upper slide also being heated so that its 
temperature is only slightly below that of the lower slide. Cooling of 
the cover slip by placing drops of various low-boiling solvents on the 
top surface will cause condensation of the more unstable forms, the 
lower temperatures leading to the most unstable forms. On a larger 
scale, a glass cold finger or a commercial sublimator can be employed. 
Once crystals of various modifications have been obtained, they can be 
used as seeds for the solution phase crystallization of larger quantities. 

Form I of 9,10-anthraquinone-2-carboxylic acid was obtained as 
needle-like crystals upon sublimation at temperatures exceeding 250°C 
[10]. Fokkens et al. have used sublimation to purify theophylline for 
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by vacuum sublimation [12]. y 

B. Crystallization from a Single Solvent 

Slow solvent evaporation is a valuable method for producing crystals 
So u , ons of th material bdng crystalI . ze P g ystals^ 

nearly so, are filtered to remove most nuclei and then left undis tuled 
for a reasonable penod of time. The rate of evaporation is adjusted by 

!Xp Ut10 : With alUminUm f0il ° r Parafilm ® con ^W a few 
Z • f 3 ? 1VCnt t0 bC US6ful for rec ^tallization purposes, the 
olubility of the solute should be on the order of 5-200 mg/mL at room 
emperature If the solubility exceeds 200 mg/mL, the vilosTt of 2 
so ution w,H be high, and a glassy product is likely to be obtained A 

: tCSt T ^ Perf ° rmed °" 25 ~ 5 ° ° f ^ ^d- 

wdl nor hf ?, r r ° PS ° f * *" S ° Hd dissolves - the solvent 

will no be useful for recrystallization purposes. Similarly highly vis- 
cous solvents and those having low vapor pressures (such a s gTyceJol 
or < rmeftylsulfoxide) are not usually conducive to efficient cry!" za 
tion filtration, and washing operations. The solvents selected for re- 
crystallization should include any with which the compound will come 
in o contact during synthesis, purification, and processing, as well a 
o vents having a range of boiling points and polarities, ixample of 
solvents routinely used for such work are listed in Table 1 together 
with their boiling points. together 

ereH US? pr °^ s / solution mediated transformation can be consid- 

Dhase anZ ^ (a) dissoIution of the ™tial 

phase and (b) nucleation/growth of the final, stable phase. If crystals 

do not grow as expected from a saturated solution, the interior of the 
vessel can be scratched with a glass rod to induce crystallization by 
distributing nuclei throughout the solution. Alternatively, crystalliza 
ion may be promoted by adding nuclei, such as seed crystal of the 
same materia. For example, Suzuki showed that the oc-form of inos ne 
could be obtained by crystallization from water, whereas isolaZ of 
the P-form required that seeds of the P-form be used [13] 

If two polymorphs differ in their melting point by 25-50°C, for 
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Table 1 Solvents Often Used in the 
Preparation of Polymorphs 





Boiling point 


Solvent 


(°C) 


Dimethylformamide 


153 


Acetic acid 


118 


Water 


100 


1-Propanol 


97 


2-Propanol 


83 


Acetonitrile 


82 


2-Butanone 


80 


Ethyl acetate 


77 


Ethanol 


78 


Isopropyl ether 


68 


Hexane 


69 


Methanol 


65 


Acetone 


57 


Methylene chloride 


40 


Diethyl ether 


35 



monotropic polymorphs the lower melting, more soluble, form will be 
difficult to crystallize. The smaller the difference between the two melt- 
ing points, the more easily unstable or metastable forms can be ob- 
tained. 

A commonly used crystallization method involves controlled tem- 
perature change. Slow cooling of a hot, saturated solution can be effec- 
tive in producing crystals if the compound is more soluble at higher 
temperatures; alternatively, slow warming can be applied if the com- 
pound is less soluble at higher temperatures. Sometimes it is preferable 
to heat the solution to boiling, filter to remove excess solute, then 
quench cool using an ice bath or even a dry ice-acetone bath. High 
boiling solvents can be useful to produce metastable polymorphs. 
McCrone [2] describes the use of high boiling solvents such as benzyl 
alcohol or nitrobenzene for recrystallization on a hot stage. Behme et 
al. [14] showed that when buspirone hydrochloride is crystallized 
above 95°G the higher melting form is obtained; below 95°C the lower 
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melting form is obtained. Thus the lower melting polymorph could be 
converted to the higher melting polymorph by recrystallizing from xy- 
lene (boiling point 137-140°C). 

To understand how temperature influences the composition of 
crystals that form, it is useful to examine typical solubility-temperature 
diagrams for substances exhibiting monotropic and enantiotropic be- 
havior [15 J. In Fig. la, Form II, having the lower solubility, is more 
stable than Form I. These two noninterchangeable polymorphs are mo- 
notropic over the entire temperature range shown. For indomethacin, 
such a relationship exists between Forms I and II, and between Forms 
II and III. 

In Fig. lb, Form II is stable at temperatures below the transition 
temperature T„ and Form I is stable above T x . At the transition tempera- 
ture the two forms have the same solubility, and reversible transforma- 
tion between enantiotropic Forms I and II can be achieved by tempera- 
ture manipulation. The relative solubility of two polymorphs is a 




° TEMPERATURE TEMPERATURE 



(c) 




TEMPERATURE 



Fig. 1 Solubility curves exhibiting (a) monotropy, (b) enantiotropy, and (c) 
enantiotropy with metastable phases. (Reprinted with permission of the copy- 
right holder [15].) 
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convenient measure of their relative free energies. The polymorph hav- 
ing the lower solubility is the more thermodynamically stable form, i.e., 
the form with the lower free energy at the temperature of the solubility 
measurement. At room temperature, carbamazepine Form I (m.p. 
189°C) is more soluble than is Form III (m.p. 174°C), so the form with 
the higher melting point is more soluble. The polymorphs are enantio- 
tropic with respect to each other [16]. 

There are situations in which kinetic factors can for a time over- 
ride thermodynamic considerations. Figure, lc depicts the intervention 
of metastable phases (the broken line extensions to the two solubility 
curves). If a solution of composition and temperature represented by 
point X (supersaturated with respect to both I and II) is allowed to 
crystallize, it would not be unusual if the metastable Form I crystallized 
out first even though the temperature would suggest that Form II would 
be the more stable (i.e., less soluble) form. This is an extension of 
Ostwald's law of stages [17], which states that "when leaving an unsta- 
ble state, a system does not seek out the most stable state, rather the 
nearest metastable state which can be reached with loss of free en- 
ergy " This form then transforms to the next most soluble form through 
a process of dissolution and crystallization. Crystallization of Form I 
when Form II is more stable would be expected if Form I had the faster 
nucleation and/or crystal growth rate. However, if the crystals of Form 
I were kept in contact with the mother liquor, transformation could 
occur as the more soluble Form I crystals dissolve and the less soluble 
Form II crystals nucleate and grow. For crystals that exhibit this type 
of behavior, it is important to isolate the metastable crystals from the 
solvent by rapid filtration so that phase transformation will not occur. 

In the general case, if there are any other polymorphic forms with 
solubilities below that of Form II, the above-described process will 
continue between each successive pair of forms until the system finally 
contains only the most stable (the least soluble) form. The implication 
of this hypothesis is that, by controlling supersaturation and by harvest- 
ing crystals at an appropriate time, it should be possible to isolate the 
different polymorphic forms, Furthermore, the theory predicts that at 
equilibrium the product of any crystallization experiment must be the 
stable form, regardless of the solvent system. It is apparent, however, 
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from the literature that for some solutes it is the choice of solvent rather 
than the effects of supersaturation that determines the form that crystal- 
lizes [18]. 

Crystallization of mannitol as a single solute was found to be 
influenced by both the initial mannitol concentration and by the rate 
of freezing [19]. In the range of 2.5% to 15%, the 5-polymorph is fa- 
vored by higher concentrations, whereas the p-polymorph is favored 
at lower concentrations. At constant mannitol concentration (10%), the 
oc-polymorph is favored by a slow freezing rate, whereas the 5-poly- 
morph is favored by a fast freezing rate. 

Kaneko et al. [20] observed that both the cooling rate and the 
initial concentration of stearic acid in n-hexane solutions influenced 
the proportion of polymorphs A, B, C, and E that could be isolated. 
Garti et aL [21] reported that for stearic acid polymorphs crystallized 
from various organic solvents, a correlation was observed between the 
polymorph isolated and the extent of solvent-solute interaction. 

The reason for using crystallization solvents having varying po- 
larities is that molecules in solution often tend to form different types 
of hydrogen-bonded aggregates, and that these aggregate precursors 
are related to the crystal structures that develop in the supersaturated 
solution [22]. Crystal structure analysis of acetanilide shows that a hy- 
drogen-bonded chain of molecules is aligned along the needle axis of 
the crystals. This pattern is characteristic of secondary amides that crys- 
tallize in a trans conformation so that the carbonyl acceptor group and 
the -NH hydrogen bond donor are anti to one another. The morphology 
of acetanilide crystals can be controlled by choosing solvents that pro- 
mote or inhibit the formation of this hydrogen-bond chain. Hydropho- 
bic solvents such as benzene and carbon tetrachloride will not partici- 
pate in hydrogen-bond formation, so they will induce the formation of 
rapidly growing chains of hydrogen-bonded amides. Crystals grown 
by evaporation methods from benzene or carbon tetrachloride are long 
needles. Solvents that are proton donors or proton acceptors inhibit 
chain formation by competing with amide molecules for hydrogen- 
bonding sites. Thus acetone inhibits chain growth at the -NH end, and 
methanol inhibits chain growth at the carbonyl end of the chain. Both 
solvents encourage the formation of rod-like acetanilide crystals, while 
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mixtures of benzene and acetone give hybrid crystals that are rod- 
shaped, with fine needles growing on the ends [23]. 

Some solvents favor the crystallization of a particular form or 
forms because they selectively adsorb to certain faces of some poly- 
morphs, thereby either inhibiting their nucleation or retarding their 
growth to the advantage of others. Among the factors affecting the 
types of crystal formed are (a) the solvent composition or polarity, (b) 
the concentration or degree of supersaturation, (c) the temperature, in- 
cluding cooling rate and the cooling profile, (d) additives, (e) the pres- 
ence of seeds, (f) pH, especially for salt crystallization, and (g) agitation 
[22]. . 

Martinez-Oharriz et al. [24] found that Form III of diflunisal is 
obtained from polar solvents, whereas Forms I and IV are obtained 
from nonpolar solvents. Likewise, Wu et al. [25] observed that when 
moricizine hydrochloride is recrystallized from relatively polar sol- 
vents (ethanol, acetone, and acetonitrile), Form I is obtained, whereas 
nonpolar solvents (methylene chloride or methylene chloride/ethyl ace- 
tate) yield Form II. 

In determining what solvents to use for crystallization, one should 
be careful to select those likely to be encountered during formulation 
and processing. Typically these are water, methanol, ethanol, propanol, 
isopropanol, acetone, acetonitrile, ethyl acetate, and hexane. Matsuda 
employed 27 organic solvents to prepare two polymorphs and six sol- 
vates of piretanide [26]. 

According to McCrone [27], in a poor solvent the rate of transfor- 
mation of a metastable to a more stable polymorph is slower. Hence 
a metastable form once crystallized can be isolated and dried before it 
is converted to a more stable phase by solution phase mediated transfor- 
mation. In some systems the metastable form is extremely unstable and 
may be prepared only with more extreme supercooling. This is usually 
performed on a very small scale with high boiling liquids so that a 
saturated solution at a high temperature that is suddenly cooled to room 
temperature will achieve a high degree of supersaturation [28]. 

There are many examples in the literature of the use of single 
solvents as crystallization screens. Slow crystallization from acetone, 
acetonitrile, alcohols, or mixtures of solvents yields the Form A of 
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fosinopnl sodium, but rapid drying of a solution of this compound 
yields Form B, sometimes contaminated with a small amount of Form 
A [29]. A rotary evaporator can be used to maintain a solution at the 
appropriate temperature as solvent is being removed. 

Form I of dehydroepiandrosterone was obtained by recrystalliza- 
tion from warm ethyl acetate, acetone, acetonitrile, or 2-propanol. Form 
II was obtained by rapid evaporation, using a vacuum from solutions 
in dioxane, tetrahydrofuran, or chloroform (which are higher boiling 
less polar solvents) [30]. °' 



C. Evaporation from a Binary Mixture of Solvents 

If single-solvent solutions do not yield the desired phase, mixtures of 
solvents can be tried. Multicomponent solvent evaporation methods de- 
pend on the difference in the solubility of the solute in various solvents. 
In this approach, a second solvent in which the solute is sparingly solu- 
ble is added to a saturated solution of the compound in a good solvent. 
Often a solvent system is selected in which the solute is more soluble 
in the component with the higher vapor pressure. As the solution evapo- 
rates, the volume of the solution is reduced and, because the solvents 
evaporate at different rates, the composition of the solvent mixture 
changes. 

Occasionally, crystals are obtained by heating the solid in one 
solvent and then pouring the solution into another solvent or over 
cracked ice. Otsuka et al. [31] obtained phenobarbital Form B by add- 
ing dropwise a saturated solution of the compound in methanol to water 
at room temperature. Form E was obtained by the same technique, but 
by using a saturated solution of phenobarbital in dioxane. 

Kitamura et al. have shown that the fraction of Form A of L- 
histidine decreases quickly when the volume fraction of ethanol in an 
ethanol-water solvent system increases above 0.2, and that pure Form 
B is obtained at a 0.4 volume fraction of ethanol [32]. The transforma- 
tion rate for conversion of Form B to Form A decreases with ethanol 
concentration. The authors postulated that the concentration of the con- 
former that corresponds to Form A decreases more with ethanol con- 
centration than that of Form B, and so the growth rate of Form A will 
also decrease. 
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An example of precipitation in the presence of a second solvent 
is seen in the case of indomethacin. The y-crystal form of indomethacin 
can be obtained by recrystallization from ethyl ether at room tempera- 
ture but the a-form is prepared by dissolution in methanol and precipi- 
tation with water at room temperature [33]. Precipitation can also result, 
from the addition of a less polar solvent. Form II of midodnne hydro- 
chloride, metastable with respect to Form I, can be prepared by precipi- 
tation from a methanolic solution by means of a less polar solvent such 
as ethyl acetate or dichloromethane [34]. 

In Fig 2 three crystalline modifications of thalidomide are illus- 
trated These were obtained by solvent recrystallization techniques and 
differ both in crystal habit and in crystal structure. Two of the forms 
were obtained from a single solvent, and one from a binary mixture. 

D. Vapor Diffusion 

In the vapor diffusion method, a solution of the solute in a good solvent 
is placed in a small, open container that is then stored in a larger vessel 
containing a small amount of a miscible, volatile nonsolvent. The larger 
vessel (often a desiccator) is then tightly closed. As solvent equilibrium 
is approached, the nonsolvent diffuses through the vapor phase into the 
solution, and saturation or supersaturation is achieved. The solubility 
of the compound in a precipitant used in a two-solvent crystallization 
method such as vapor diffusion should be as low as possible (much 
less than 1 mg/mL), and the precipitant (the solvent in which the com- 
pound is poorly soluble) should be miscible with the solvent and the 
saturated solution. The most frequent application of this technique is 
in the preparation of single crystals for crystallographic analysis. An 
illustration of the technique is provided in Fig. 3 [35]. 

E. Thermal Treatment 

Frequently when using differential scanning calorimetry as an analysis 
technique, one can observe an endothermic peak corresponding to a 
phase transition, followed by a second endothermic peak corresponding 
to melting. Sometimes there is an exothermic peak between the two 
endotherms, representing a crystallization step. In these cases it is often 



Fig. 2 Three crystalline modifications of thalidomide obtained by solvent 
recrystallization. (A) Form I obtained as bipyramids by slow crystallization 
of thalidomide in 1:1 dimethylformamide:ethanoi at room temperature. (B) 
Form II obtained by immersing a saturated solution of thalidomide in acetoni- 
trile in an ice bath. (C) Form III prepared as tabular crystals from a solution 
in boiling 1,4-dioxane, filtered, then allowed to cool to room temperature. 
(Photomicrographs courtesy of Dr. S. A. Botha, the University of Iowa.) 
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Fig. 3 Crystallization by vapor diffusion. (Reproduced with permission of 
the author [35] and the copyright holder, Pfizer, Inc.) 
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possible to prepare the higher melting polymorph by thermal treatment. 
Thus chlorpropamide Form A is obtained by recrystallization from eth- 
anol solution, but Form C is obtained by heating Form A in an oven 
maintained at 100°C for 3 hours [36]. While the P-form of tegafur is 
obtained by the evaporation of a saturated methanol solution, the y- 
form is obtained by heating the P-form at 130°C for one hour [37]. 
Form II of caffeine is prepared by recrystallization from distilled water, 
but Form I is prepared by heating Form II at 180°C for 10 hours [38], 
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F. Crystallization from the Melt 

In accordance with Ostwald's rule [17], the cooling of melts of poly- 
morphic substances often first yields the least stable modification, 
which subsequently rearranges into the stable modification in stages. 
Since the metastable form will have the lower melting point, it follows 
that supercooling is necessary to crystallize it from the melt. After melt- 
ing, the system must be supercooled below the melting point of the 
metastable form, while at the same time the crystallization of the more 
stable form or forms must be prevented. Quench cooling a melt can 
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sometimes result in formation of an amorphous solid that on subsequent 
heating undergoes a glass transition followed by crystallization [39]. 

On a somewhat larger scale, one can use a vacuum drying pistol 
and a high boiling liquid such as chlorobenzene to achieve the desired 
end. Form II of p-(K,3S)-3-thioanisoyl-l,2,-2-trimethylcyclopentane 
carboxyhc acid was obtained by recrystallization from a 50:50 v/v 
benzene : petroleum ether mixture. Form I then was obtained by melting 
Form II in the vacuum drying pistol [40]. Caffeine Form I is prepared 
by heating Form II at 180°C for 10 hours [38]. Yoshioka et al. [41] 
observed that when the amorphous solidified melt of indomethacin was 
stored at 40°C, it partly crystallized as the thermodynamically stable 
y-form. Yet at 50°C, 60°C, and 70°C, mixtures of the a- and the y- 
form were obtained. Sulfathiazole Form I is obtained by heating Form 
III crystals (grown from a dilute ammonium hydroxide solution at room 
temperature) at 170°C for 30-40 minutes [42]. 



G. Rapidly Changing Solution pH to Precipitate 
Acidic or Basic Substances 

Many drug substances fall in the category of slightly soluble weak 
acids, or slightly soluble weak bases, whose salt forms are much more 
soluble in water. Upon addition of acid to an aqueous solution of a 
soluble salt of a weak acid, or upon addition of alkali to an aqueous 
solution of a soluble salt of a weak base, crystals often result. These 
crystals may be different from those obtained by solvent crystallization 
of the weak acid or weak base. Nucleation does not necessarily com- 
mence as soon as the reactants are mixed, unless the level of supersatu- 
ration is high, and the mixing stage may be followed by an appreciable 
time lag before the first crystals can be detected. Well-formed crystals 
are more likely to result in these instances than when rapid precipitation 
occurs. 

Form I of the x-ray contrast agent iopanoic acid was prepared 
[43] by dissolving the acid in 0.1 N NaOH, adjusting the pH to 12.5, 
bubbling nitrogen into the solution, and adding 0.1 N hydrochloric acid 
until the pH reached 2.15. The resulting precipitate was vacuum filtered 
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and stored in vacuo (380 ton) for 12 hours at 35°C. Similarly, Form 
111 of hydrochlorothiazide was precipitated from sodium hydroxide 
aqueous solution by the addition of hydrochloric acid [44]. 

When piretanide was dissolved in 0.1 N NaOH at room tempera- 
ture and acid was added in a 1 : 1 ratio (to pH 3.3), piretanide Form C 
precipitated. However, when the base: acid ratio used was 1:0.95, a 
mixture of amorphous piretanide and Form C precipitated [45]. 

H. Thermal Desolvation of Crystalline Solvates 

The term "desolvated solvates" has been applied to compounds that 
were originally crystallized as solvates but from which the solvent has 
been removed (generally by vaporization induced by heat and vacuum). 
Frequently, these "desolvated solvates" retain the crystal structure of 
the original solvate form and exhibit relatively small changes in lattice 
parameters. For this reason, these types have been referred to as pseu- 
dopolymorphic solvates. However, in instances where the solvent 
serves to stabilize the lattice, the process of desolvation may produce 
a change in lattice parameters, resulting in the formation of either a 
new crystal form or an amorphous form, These solvates have been re- 
ferred to as polymorphic solvates. Byrn [46] has characterized the de- 
solvation of polymorphic solvates as occurring in four steps, (a) molec- 
ular loosening, (b) breaking of the host-solvent hydrogen bonds (or 
other associations), (c) solid solution formation, and (d) separation of 

the product phase. 

The process of desolvating pseudopolymorphic solvates is sim- 
pler, involving only the two steps of (a) molecular loosening and (b) 
breaking of host-solvent hydrogen bonds or associations. Byrn [46] 
has summarized the desolvation studies performed on caffeine hydrate, 
theophylline hydrate, thymine hydrate, cytosine hydrate,, dihydro- 
phenylalanine hydrate, dialuric acid hydrate, cycloserine hydrate, 
erythromycin hydrate, fenoprofen hydrate, manganous formate dehy- 
drate, bis(salicylaldehyde) ethylenediamine cobalt (II) chloroformate, 
cephatoglycine hydrates and solvates, and cephalexin solvates and hy- 
drates. Among factors that influence the. desolvation reaction are the 
appearance of defects, the size of tunnels in the crystal packing arrange- 
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ment, and the strength of hydrogen bonding between the compound 
and its solvent of crystallization [46]. 

Rocco et al. [47] obtained Form II of zanoterone by recrystalliza- 
tion from ethanol and vacuum drying at 45°C. Form III was isolated 
by desolvating the acetonitrile solvate form at 80°C under vacuum and 
this was the form chosen for use in the clinical drug product due to 
the high reproducibility of its isolation during manufacture. Similarly 
Forms I and II of stanozolol were obtained by heating solvates of the 
compound to 205°C and 130°C, respectively [48]. 

The benzene solvate of iopanoic acid was prepared by rapidly 
freezing a warm benzene solution of iopanoic acid in a dry ice-acetone 
mixture [43]. The solid obtained was permitted to melt at room temper- 
ature, yielding crystals of the solvate suspended in benzene. When these 

™£ V ? mm r filtered and St0red vacuo < 380 torr ) for 12 hours at 
/U C, Form II was obtained free of benzene. 

Dehydration of hydrates can also lead to the formation of unique 
crystals Caffeine Form II was prepared by recrystallizing caffeine from 
water drying for 8 days at 30°C, and then heating for 4 hours at 80°C 
138]. Chloroquine diphosphate 3 : 1 hydrate was converted to the anhy- 
drous form at temperatures above 188°C [49]. Etoposide Form I (a 
monohydrate) was found to undergo a dehydration reaction in the tem- 
perature range of 85-1 15°C to yield etoposide Form la. This form 
could be melted at 198°C and transformed to etoposide Form Ha which 
itself melted at 198°C and crystallized to still another polymorph, eto- 
poside Form Ha at 206°C. Etoposide Form Ha was found to melt at 
269 C and convert to its hydrated form, etoposide Form II, when ex- 
posed to the atmosphere at room temperature. This hydrate was also 
found to undergo a dehydration reaction at 90-120°C to yield etoposide 
Form Ila [50]. 

Differential scanning calorimetry (DSC) curves of levofloxacin 
nemihydrate measured under various conditions showed different ther- 
mograms. This behavior was attributed to the dehydration process that 
resulted in a multiple-phase transition. Dehydration at higher tempera- 
tures (above 70°C) gave a sharp endothermic peak in the DSC thermo- 

thC mdting ° f the r - form > and at a lower temperature 
(50 C) it led to the observation of a sharp endothermic peak due to the 
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melting of the a-form. In contrast, the thermal behavior of levofloxacin 
monohydrate was not affected by dehydration [51]. 

I. Growth in the Presence of Additives 

The presence of impurities can have a profound effect on the growth 
of crystals. Some impurities can inhibit growth completely, and some 
may enhance growth. Still others may exert a highly selective effect, 
acting only on certain crystallographic faces and thus modifying the 
crystal habit. Some impurities can exert an influence at very low con- 
centrations (less than 1 part per million), whereas others need to be 
present in fairly large amounts to have any effect [15]. 

Additives can be designed to bind specifically to the surfaces of 
particular polymorphs and so inhibit their achieving the critical size 
for nucleation, allowing a desired phase to grow without competition 
[52]. Lahav and coworkers have shown that additives at levels as low 
as 0.03% can inhibit nucleation and crystal growth of a stable poly- 
morph, thus favoring the growth of a metastable polymorph [53]. They 
also showed that it is possible to design crystal nucleation inhibitors 
to control polymorphism. 

Davey et al. found that Form I crystals of terephthahc acid could 
be obtained by crystallization only in the presence of p-toluic acid [54]. 
Form II, the more stable polymorph at ambient temperatures, was re- 
covered from a hydrothermal recrystallization experiment. 

Ikeda et al. [55] determined that indomethacin can exist in three 
different crystal forms, denoted a-, p-, and y-, with the a-form possess- 
ing a higher solubility than the y-form. On recrystallization, crystals of 
the a-form were the first to be deposited, but these converted gradually 
to the less soluble y-form. However, in the presence of hydroxypropyl 
methylcellulose, conversion from the a-form to the y-form was inhib- 
ited, leading to an increase in the solubility of indomethacin. 

' While the a-form of glycine normally is obtained by recrystalliza- 
tion from water, 3% of racemic hexafluorovaline leads to the precipita- 
tion of the y-polymorph as trigonal pyramids [56]. This additive was 
designed to be strongly adsorbed at the four {01 1 } crystal faces of the 
a-form and to bind at only one pole of the polar crystal, thus leaving 
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the crystal free to grow at the opposite pole. Since it is bound at the 
slow growing NH 3 + end of the polar axis, it does not interfere with the 
fast growing C0 2 " end. 



J. Grinding 

Polymorphic transformations have been observed to occur on grinding 
of certain materials, such as sulfathiazole, barbital, phenylbutazone, 
cephalexin, chloramphenicol palmitate, indomethacin, and chlorprop- 
amide. Byrn [46] has stated that polymorphic transformations in the 
solid state require the three steps of (a) molecular loosening (nucleation 
by separation from the lattice), (b) solid solution formation, and (c) 
separation of the product (crystallization of the new phase). Depending 
on the material and the conditions employed, grinding can result in 
conversion to an amorphous substance. With the exercise of care, dif- 
ferent polymorphic forms can be obtained. Otsuka et al. [57] showed 
that metastable Forms B and C of chloramphenicol palmitate were 
transformed into stable Form A upon grinding at room temperature. 
Indomethacin was transformed into a noncrystalline solid during grind- 
ing at 4°C, and into metastable Form A by grinding at 30°C Caffeine 
Form II is converted into Form I with grinding, and a 95% phase con- 
version was obtained following 60 hours of grinding time [38]. 



II. METHODS EMPLOYED TO OBTAIN HYDRATE 
FORMS 

Pharmaceutical solids may come into contact with water during pro- 
cessing steps, such as crystallization, lyophilization, wet granulation, 
aqueous film-coating, or spray-drying. Moreover, they may be exposed 
to water during storage in an atmosphere containing water vapor, or 
in a dosage form consisting of materials that contain water (e.g., excipi- 
ents) and are capable of transferring it to other ingredients. Water may 
be adsorbed onto the solid surface and/or may be absorbed in the bulk 
solid structure. When water is incorporated into the crystal lattice of 
the compound in stoichiometric proportions, the molecular adduct or 
adducts formed are referred to as hydrates [58]. More than 90 hydrates 
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are described in various USP monographs. Hydrates can be prepared 
by recrystallization from water or from mixed aqueous solvents. They 
can also result, in some instances, from exposure of crystal solvates 
(such as methanolates or ethanolates) to an atmosphere containing wa- 
ter vapor. , 
Crystalline substances often form with water molecules located 
at specific sites in the crystal lattice, which are held in coordination 
complexes around lattice cations. This type of water is denoted as water 
of crystallization and is common for inorganic compounds. For exam- 
ple nickel sulfate forms a well-defined hexahydrate, where the waters 
of hydration are bound directly to the Ni(II) ion. Extraneous inclusion 
of water molecules can occur if a coprecipitated cation carries solvation 
molecules with it. Water also can be incorporated into random pockets 
as a result of physical entrapment of the mother liquor. Well-defined 
multiple hydrate species can also form with organic molecules. For 
example, raffinose forms a pentahydrate. 

Although most hydrates exhibit a whole-number-ratio stoichiom- 
etry, an unusual case is the metastable hydrate of caffeine, which con- 
tains only 0^8 moles of water per mole of caffeine. Only in a saturated 
water vapor atmosphere will additional amounts of water be adsorbed 
at the surface of the 4/5-hydrate to yield a 5/6 hydrate [59]. 

In some instances, a compound of a given hydration state may 
crystallize in more than one form, so that the hydrates themselves ex- 
hibit polymorphism. One such example is nitrofurantoin, which forms 
two monohydrates that have distinctly different temperatures and en- 
thalpies of dehydration. The monohydrates have quite different packing 
arrangements, with Form I possessing a layer structure and Form II 
exhibiting a herringbone motif. The included water molecules play a 
major role in stabilizing the crystal structures. Whereas water mole- 
cules are contained in isolated cavities in Form II, in Form I they are 
located in continuous channels, and this apparently facilitates the es- 
cape of water when these crystals are heated [60]. 

Another example of hydrate polymorphism is amiloride hydro- 
chloride [61], which can.be obtained in two polymorphic dihydrate 
forms. These forms are indistinguishable by techniques other than x- 
ray powder diffraction. 

It is interesting that scopolamine hydrobromide has been reported 
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to exist as the anhydrous form, a "hemihydrate," a sesquihydrate and 
a tnhydrate [62], while the unit cell parameters andVlLcuiar 
geometry of these are all the same as those of the hemihydrate. This 
finding sug ge«s that the "hemihydrate" is actually a partially desol- 
vated sesquihydrate. ■ 

Ouabaine is another example of a compound that exhibits many 
different hydration levels, the most hydrated form being stable at the 
lowest temperature. Thus the nonahydrate phase of ouabaine is ob- 
tained from water at 0-15°C, the octahydrate phase at 15-28°C, and 
the dihydrate phase at 28-90°C. In addition, ouabaine phases corre- 
sponding to 4.5 H 2 0, 4 H 2 0, and 3 H 2 0 may be obtained lorn mixtmes 
of water with other solvents. The anhydrous phase of ouabaine anhy- 
drate is crystallized from ethanol at high temperatures [63] 

Typically, hydrates are obtained by recrystallization from water 
For example, trazodone hydrochloride tetrahydrate was prepared by 
dissolving the anhydrate in hot distilled water, allowing the solution 
Z?T?<S f0( ; mtem P erature ov «™ght, and storing the collected crys- 

wdght m. ty and 25 ° c until ^ reached constant 

• Hydrates can sometimes be obtained by simply suspending the 
anhydrous material in water, whereupon a form of Ostwald ripening 
occurs For instance, aqueous suspensions of anhydrous metronidazole 
benzoate are metastable, and storage at temperatures lower then 38°C 
leads to monohydrate formation accompanied by crystal growth [65]. 
Sorbitol provides another example of this behavior, where slow cooling 

Hrl S3 rSf wt qUe ° US S ° 1Uti0n yidds lon 8 thin needIes Pf sorbitol hy 
tTJ K i 5USpendCd in Water ' anh y drous carbamazepine is 
transformed to carbamazepine dihydrate [67]. In other instances, hy- 
drates can be obtained from mixed solvent systems. Acemetacin mono- 
hydrate can be obtained by slow evaporation from a mixture of acetone 
and water at room temperature [68]. 

r» n nft mP ! y !? P ° S i ng 3n anh y drous P° wde r to high relative humidity 
can often lead to formation of a hydrate. On exposure to a relative 
humidity of 100%, dexmedetomidine hydrochloride is converted to l 
monohydrate [69]. Droloxifene citrate is an example of a compound 
that is not very hygroscopic and yet forms a hydrate. Only after storage 
of the anhydrous form at 85% relative humidity does some sorption of 
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water occur. The monohydrate phase can be formed by exposing the 
anhydrous form to 98% relative humidity for ten days at 24°C [70]. 



III. METHODS EMPLOYED TO OBTAIN SOLVATE 
FORMS 

Often, when solvents are employed in the purification of new drug sub- 
stances by recrystallization, it is observed that the isolated crystals in- 
clude solvent molecules, either entrapped within empty spaces in the 
lattice or interacting via hydrogen bonding or van der Waals force with 
molecules constituting the crystal lattice. Solvent molecules also can be 
found in close association with metal ions, completing the coordination 
sphere of the metal atom. Coordinated solvent molecules are considered 
as part of the crystallized molecule. A crystal with large empty channels 
or cavities is not stable because of packing demands. The size and 
chemical environment of the cavity or channel determine what kind of 
solvent molecule can be included in the structure and what kind of 
interaction occurs between solvent and structure. 

Depending on the nature of molecular packing arrangements, it 
may happen that the inclusion of solvent is necessary to build a stable 
crystal structure, van Geerestein et al. [71] found during numerous 
crystallization attempts of llp-[4-(dimethylamino)phenyl]-l7p-hy- 
droxy-17a-(I-propynyl) estra-4,9-diene-3-one] that crystals were only 
obtainable in the presence of n-butyl acetate or n-propyl acetate. The 
crystal structure of the compound crystallized from n-butyl acetate/ 
methylcyclohexane was solved, and one solvent molecule was found 
in the crystal structure that showed no strong interactions with the rest 
of the structure. Apparently, this solvent molecule was necessary to fill 
empty space resulting after the molecular packing. Solvates in which 
the solvent fills empty space are generally nonstoichiometric, such as 
the nonstoichiometric solvates formed by droloxifene citrate with ace- 
tonitrile, 2-propanol, ethanol, 1-propanol, and 1-butanol. Typically 
such solvates exhibit the same x-ray diffraction pattern as does the 
nonsolvated compound. 

When solvent molecules increase the strength of the crystal lat- 
tice, they can affect the stability of the compound to solid-state decom- 
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position. It has been observed that the four, solvated and one nonsol- 
vated structures of prenisolone tert-butyl acetate affect the flexibility 
of the steroid nucleus and the structure-dependent degradation of the 
compound when exposed to air and light [72], 

van der Sluis and Kroon found 1,247 different compounds with 
cocrystallized solvents in the Cambridge Crystallographic Database 
[73]. Out of 46,460 total structures, they found 9,464 solvate structures, 
and 95% of these contained one of the 15 solvents given in Table 2.' 

The most commonly encountered solvates among pharmaceuti- 
cals are those of 1 : 1 stoichiometry, but occasionally mixed solvate spe- 
cies are encountered. For structures containing more than one solvent 
type, one generally finds nonpolar solvents crystallizing together on 
the one hand and polar solvents on the other. For example, the most 
common solvents found cocrystallizing with water are (in order of im- 

Table 2 Distribution of the 15 Most 
Abundant Solvents in the Cambridge 
Crystallographic Database, as the 
Percentage of Solvate Structures 



Solvent 


Occurrence (%) 


Water 


61.4 


Methylene dichloride 


5.9 


Benzene 


4.7 


Methanol 


4.1 


Acetone 


2.8 


Chloroform 


2.8 


Ethanol 


2.6 


Tetrahydrofuran 


2.3 


Toluene 


2.2 


Acetonitrile 


1.9 


MN-dimethylformamide 


0.9 


Diethyl ether 


0.9 


Pyridine 


0.7 


Dimethyl sulfoxide 


0.5 


Dioxane 


0.5 



Source: From Ref. 73. Reproduced with permis- 
sion of the copyright owner. 
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portance) ethanol, methanol, and acetone. An interesting example of a 
structure containing a polar and a nonpolar solvent is the sodium salt 
of the antibiotic K-41, p-bromobenzoate monohydrate rc-hexane solvate 
[74], which is crystallized from n-hexane saturated with water. Perhaps 
the best known mixed solvate is doxycyciine hyclate: (doxycyciine • 
HC1) 2 C 2 H 6 0 • H 2 0. Triamterene also forms a mixed solvate, con- 
taining one N, N-dimethylformamide molecule and one water molecule 
within the crystal lattice [75]. 

The techniques used to obtain solvates are generally similar to 
the solvent methods used to obtain polymorphs, i.e. crystallization from 
a single solvent, from mixed solvents, or by vapor diffusion. Some- 
times, it is possible to exchange one solvent within the crystal structure 
for another. When one recrystallizes a hydrate from dry methanol, in 
most cases one is left with either a methanol solvate or an anhydrous, 
unsolvated form of the compound. 

A large number of solvates have been reported, especially for 
steroids and antibiotics. It has been observed that cortisone acetate and 
dexamethasone acetate can be crystallized as 10 different solvates. Di- 
rithromycin, a semisynthetic macrolide antibiotic, crystallizes in two 
anhydrous polymorphic forms and in at least nine stoichiometric sol- 
vate forms. Six of the known solvates are isomorphic, having nearly 
identical x-ray powder diffraction patterns [76]. In addition to the anhy- 
drate and dihydrate, erythromycin also forms solvates with acetone, 
chloroform, ethanol, n-butanol, and i-propahol [77]. 

It may be instructive to consider some examples of solvate forma- 
tion. The compound 5-methoxysulphadiazine forms 1 : 1 host-guest 
solvates with dioxane, chloroform, and tetrahydrofuran [78]. These 
were prepared by heating to boiling a solution of the sulfonamide in the 
appropriate solvent, followed by slow cooling to obtain large crystals. 
Spironolactone forms 1 : 1 solvates with methanol, ethanol, ethyl ace- 
tate, and benzene. It also forms a 2: 1 spironolactone-acetonitrile sol- 
vate [79,80]. The spironolactone solvates were prepared by crystalliza- 
tion in a refrigerator from solutions that were nearly saturated at room 
temperature. 

Another steroid that forms solvates is stanozolol [81]. Solvates 
having 1:1 stoichiometry were prepared by recrystallization from 
methanol, ethanol, and 2-propanol, by heating the compound in the 
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appropriate solvent to 60-70°C and then cooling to 0°C in an ice bath 
to induce crystallization. The compound also forms a monohydrate and 
two polymorphs. The polymorphs were prepared by heating the sol- 
vates to either 130°C (Form II) or 205°C (Form I). 

Mefloquine hydrochloride is an interesting case of a compound 
that forms stoichiometric 1 : 1 solvates on cooling hot (50°C) saturated 
acetone solutions (Form B, acetone solvate 1 : 1), hot (50°C) saturated 
isopropanol (Form I, isopropanol solvate 1 : 1), and a nonstoichiometric 
ethanol solvate (2.12% ethanol) from hot (50°C) saturated ethanol, 
Form E, whose x-ray powder pattern does not change following heating 
to 80°C, in spite of a decrease in the ethanol level to 0. 12%. Mefloquine 
hydrochloride can also be obtained in a nonsolvated form from hot 
(70°C) saturated acetonitrile (Form A) and as two hemihydrates from 
water (Forms D and C) prepared at room temperature and at 30°C [82]. 



IV. METHODS EMPLOYED TO OBTAIN AMORPHOUS 
MATERIALS 

Solids can exist in crystalline or amorphous form. Crystalline materials . 
have defined structures, stoichiometric compositions, and melting 
points and are characterized by their chemical, thermal, electrical, opti- 
cal, and mechanical properties [83]. By contrast, amorphous materials 
have no clearly defined molecular structure and no long-range order, 
so their structure can be viewed as being similar to that of a frozen 
liquid but without the thermal fluctuations observed in the liquid phase. 
As a result, amorphous materials exhibit the classical diffuse "halo" 
x-ray powder diffraction pattern rather than the sharp peaks observed 
in the pattern of a crystalline substance. When the halo is broad, it is 
often difficult to distinguish between a material that is truly amorphous 
(e.g., a true glass) and one that is merely microcrystalline. This situation 
exists because when microcrystallites have diameters less than about 
50 A in diameter, a similar "halo" effect is observed. 

While crystalline solids offer the advantages of chemical and ther- 
modynamic stability, amorphous solids are occasionally preferred be- 
cause they undergo dissolution at a faster rate. Rapid dissolution is 
desirable in the case of solids, which must be dissolved prior to paren- 
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teral administration. Faster dissolution is also important for poorly sol- 
uble compounds administered orally, since there is often a correlation 
between dissolution rate and bioavailability. In fact, there are instances 
in which only the amorphous form has adequate bioavailability. 

Amorphous solids can be precipitated from solution or obtained 
from melts of compounds by carrying out the solidification in such a 
way as to avoid the thermodynamically preferred crystallization pro- 
cess. They also can be prepared by disrupting an existing crystal struc- 
ture. Excess free energy and entropy are incorporated into solids as 
they are converted into the amorphous state, since solidification occurs 
without permitting the molecules to reach their lowest energy states. 

A. Solidification of the Melt 

Amorphous solids are often created by rapidly cooling a liquid so that 
crystallization nuclei can neither be created nor grow sufficiently, 
whereupon the liquid then remains in the fluid state well below the 
normal freezing point. In principle, a liquid should freeze (crystallize) 
when cooled to a temperature below its freezing point. However, if the 
rate of cooling is high relative to the rate of crystallization, then the 
liquid state can persist well below the normal freezing point. As cooling 
continues there is a rise in the rate of increase of the viscosity of the 
supercooled liquid per unit drop in temperature. The initially mobile 
fluid turns into a syrup, then into a viscoelastic state, and finally into 
a brittle glass. A glass is, therefore, a supercooled liquid, and is charac- 
terized by an extremely high viscosity (typically of the order of 1014 
Pa • s). Mechanically, if not structurally, glasses can be regarded as 
solids. 

The characteristic temperature below which melted solids must 
be cooled to form a glass is the glass transition temperature T r The 
glass transition is a dynamic event that occurs at a temperature below 
which coordinated molecular motion becomes so slow that a liquid can 
be considered to take on the properties of a solid. While the exact value 
of this transition temperature depends on the heating rate, the glass 
transition temperature is generally found to be about two-thirds that of 
the melting temperature T m . Glass transition temperatures reported for 
pharmaceuticals also follow this general rule, as can be seen in the 
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listing of ten pharmaceuticals that form glasses (Table 3). It is often 
found that the presence of impurities that facilitate glass formation in- 
creases the ratio T g /T m either by raising T g or by lowering T n . Hence 
one might wonder if some of the high values in the last column of 
Table 3 are due to partial decomposition of the drug substance upon 
me ting Of course, this is an important concern when employing the 
melt solidification procedure for the preparation of amorphous mate- 
There are many examples given in the monograph Thermomicros- 
copy in the Analysis of Pharmaceuticals [9] of other compounds that 
solidify on the microscope hot stage to form glasses. However, Table 
4 contains examples from the literature in which solidification from 
the melt (either by slow cooling to room temperature or by quench 
cooling with liquid nitrogen) has been employed as the specific method 
tor obtaining amorphous material. 

B. Reduction of Particle Size 

Reduction of the particle size of crystalline materials to the microcrys- 
talline level can yield a material incapable of exhibiting an x-ray pow- 

Table 3 Pharmaceuticals Forming Glasses above 
Room Temperature 

Compound 

Cholecalciferol 
Sulfisoxazole 
Stilbestrol 
Phenobarbital 
Quinidine 
Salicin 
Sulfathiazole 
Sulfadimethoxine 
Dehydrocholic acid 
17-p-Estradioi 

Source: Ref. 84. 



T S (K) 


^m(K) 


T t /T m 


296 


352 


0.84 


306 


460 


0.67 


308.. 


439 


0.70 


321 


443 


0.72 


326 


445 


0.73 


333 


466 


0.71 


334 


471 


0.71 


339 


465 


0.73 


348 


502 


0.69 


354 


445 


0.80 
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Table 4 Amorphous Pharmaceuticals Obtained by Solidification from the 
Melt ' 



Compound 


Method used 


Reference 


Phenylbutazone 


Solidification from the melt 


[85] 


Indomethacin 


Quench cooling using liquid nitrogen or 
slow cooling from the melt over 30 min 


[86,87] 


Felodipine 


Cooling of the melt in liquid nitrogen or at 


[88,89] 




ambient temperature 


[90] 


Nifedipine 


Melting at 180°C followed by immersion in 




liquid nitrogen 


[91] 


Benperidol 


Melt in an oven at 277°C then cool to room 




temperature 


[92] 


Acetaminophen 


Solidification of the melt at -5°C/min 


Sulfapyridine 


Melting any crystalline form and slowly 


[93] 




cooling the melt 


[94] 


Lovostatin 


Melting under nitrogen, rapid cooling to 
20°C below the glass transition point 



der diffraction pattern. Dialer and Kuessner [95] found that when su- 
crose was milled in a vibratory ball mill, the ordered crystal was 
transformed into, a glass-like structure. The increase in surface energy 
of milled sucrose, as measured by heat of solution, could not be ac- 
counted for by an increase in surface area alone. Hence milling disrupts 
the crystal lattice and imparts the excess free energy and entropy associ- 
ated with amorphous substances. 

Particle size reduction can be achieved using a variety of methods. 
Sometimes it is helpful to carry out the particle size reduction at re- 
duced temperatures, such as at 4°C or at liquid nitrogen temperature, 
- 196°C. In other instances, grinding with an excipient has been em- 
ployed as a means of obtaining amorphous materials. Cyclodextrins 
and mierocrystalline cellulose have been used for this purpose. It is 
also possible that the use of polymeric excipients may inhibit crystal 
growth when the amorphous solid is dissolved in water. Table 5 con- 
tains a list of compounds that have been obtained in amorphous, or 
partly amorphous, form by milling. 



212 



Guillory 



Table 5 Amorphous Pharmaceuticals Obtained by Milling 

Compound Method used Reference 



Cimetidine 

FR76505 

Cephalexin 

Indomethacin 



(E)-6-(3,4-Dimethoxy- 
phenyl)-l-ethyl-4- 
mesitylimino-3-methyl- 
3,4-dihydro-2(lH)- 
pyrirnidinone 

9,3"-Diacetyl-midecamycin 



Chloramphenicol stearate 



Calcium gluceptate 
Chloramphenicol palmitate 
Aspirin 
Ibuprofen 

Hydrocortisone acetate 



Milling [96] 
Grinding in a ball mill [97] 
Grinding in an agate centrifu- [98] 

gal ball mill for 4 hours 
Grinding for 4 hours at 4°C in [57,99] 
a centrifugal ball mill; grind- 
ing the y-form at 4°C 
Grinding in a stainless steel [100] 
shaker ball mill for 60 min- 
utes 



Mixed grinding with polyvinyl- [101] 
pyrrolidone or polyvinylpyr- 
rolidone 4- hydroxypropyl- 
methylcellulose for 9 hours 

Milling in a Pulverisette 5 [102,103] 
grinder (Fritsch) (agate mor- 
tar and balls) with colloidal 
silica or microcrystalline cel- 
lulose 

Milling in a Pulverisette 2 [104] 
grinder (Fritsch) (agate mor- 
tar and balls) for 4 hours 

Milling in a Pulverisette 0 [105] 
grinder (Fritsch) (agate mor- 
tar and balls) for 85 hours 

Grinding with adsorbents un- [106] 
der reduced pressure 

Grinding with (J-cyclodextrin [107] 

Roll mixing with (5-cyclodex- [108] 
trin 

Grinding with crystalline eel- [109] 
lulose 



Guillory 



Generation of Polymorphs 



213 



by Milling 
used 
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[96] 
[97] 
[98] 

[57,99] 
[100] 

[101] 
[102,103] 



[104] 
[105] 

[106] 

[107] 
[108] 

[109] 



Compound 



Method used 



Reference 



Digoxin 



Amobarbital 



Acetaminophen 

6-Methyleneandrosta-l, 4- 
diene-3,17-dione 



Milling in a Glen Creston [1 10] 

Model M270 ball mill for 8 
hours 

Comminution of 1 g at 196°C [111] 
for 15 minutes in a freezer 
mill 

Ball-milling with methylcellu- [1 12,1 13] 
lose, microcrystalline cellu- 
lose, or dextran 2000 

Bali milling for 24 hours with [1 14] 
a- and p-cyclodextrin 

Co-grinding with p-cyclodex- [115] 
trin for 2 hours 



C. Spray-Drying 

In the pharmaceutical industry, spray.drying is used to dry heat-sensi- 
tive pharmaceuticals, to change the physical form of materials for use 
in tablet and capsule manufacture, and to encapsulate solid and liquid 
particles. This methodology is also used extensively in the processing 
of foods [116]. In the spray-drying process, a liquid feed stream is first 
atomized for maximal air spray contact. The particles are then dried 
in the airstream in seconds owing to the high surface area in contact 
with the drying gas. Spray-drying can produce spherical particles that 
have good flow properties, and the process can be optimized to produce 
particles of a range of sizes required by the particular application. The 
process can be run using either aqueous or nonaqueous solutions. Ex- 
amples of pharmaceuticals obtained in the form of amorphous powders 
by spray-drying are found in Table 6. 

D. Lyophilization 

Lyophiiization (also known as freeze-drying) is a technique that is 
widely employed for the preparation of dry powders to be reconstituted 
at the time of administration. It is a particularly useful technique in the 
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Table 6 Amorphous Pharmaceuticals Obtained by Spray-Drying 



Compound 


Method used 


Reference 


YM022 


Spray-drying a methanol solu- 
tion 


[117] 


a-Lactose monohydrate 


Spray-drying in a Buchi 190 


[118] 




Spray-drying a solution or sus- 


[119] 




pension 




4"-0-(4-methoxy-phenyl) 


Spray drying a dichloro methane 


[120] 


acetyltylosin 


solution 




Salbutamol sulfate 


Spray-drying of an aqueous solu- 
tion in Buchi 90 spray dryer 


[121] 


Lactose 


Spray-drying an aqueous solu- 
tion 


[118,122] 


Furosemide 


Spray-drying from a 4: 1 chloro- 
form: methanol solution at 50 
and 150°C inlet temperature 


[123,124] 


Digoxin 


Spray-drying an aqueous, solu- 
tion containing hydroxypropyl 
methylcellulose 


[125] 


Cefazolin sodium 


Spray-drying from a 25% aque- 
ous solution with an inlet tem- 
perature of 150°C and an out- 
let temperature of 100°C 


[126] 


9,3"-Diacetyl-midecamycin 


Spray-drying of aqueous solution 
in the presence and absence of 
ethylcellulose 


[127] 
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case of compounds that are susceptible to decomposition in the pres- ^ 
ence of moisture but that are more stable as dry solids. The physical 

form, chemical stability, and dissolution characteristics of lyophilized - 

products can be influenced by the conditions of the freeze-drying cycle. c 

In most pharmaceutical applications, lyophilization is performed on * 

aqueous solutions containing bulking agents, and these often are chosen s 

so as to form a coherent cake after completion of the freeze-drying s 

process. However, lyophilization also can be employed to convert crys- c 

talline materials into their amorphous counterparts. The lyophilization I 

process usually consists of the three stages of freezing, primary drying, 1 
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and secondary drying. For the preparation of amorphous materials, 
rapid freezing is employed so as to avoid the crystallization process. 
Both aqueous solutions and solutions containing organic solvents have 
been lyophilized. The primary drying phase involves sublimation ol 
frozen water or vaporization of another solvent. This step is carried 
out by reducing the pressure in the chamber and supplying heat to the 
product. The secondary drying phase consists of the desorption of mois- 
ture (or residual solvent) from the solid. 

Recently, excipients of various types have been employed in tro- 
zen solutions so as to inhibit crystallization. Cyclodextrins appear to 
be particularly useful for this purpose, although it is generally necessary 
to employ rapid freezing to liquid nitrogen temperatures to ensure that 
the freeze-dried product is noncrystalline. When cc-cyclodextnn which 
has a larger cavity than does |3-cyclodextrin, is frozen at a relatively 
slow rate, it will cocrystallize with compounds such as benzoic acid 
salicylic acid, m-hydroxybenzoic acid, p-hydroxybenzoic acid, and 
methyl p-hydroxybenzoate [128]. However, rapid freezing of a methy 
p-hydroxybenzoate solution containing a-cyclodextrin at a benzoate/ 
cyclodextrin ratio of 0.33 yields an amorphous solid after freeze-drying 
[291 

' 6-Cyclodextrin and its derivatives have been shown to form 
amorphous lyophilized products with a number of compounds, princi- 
pally nonsteroidal antiinflammatory agents. Examples from the litera- 
ture of excipients and pharmaceuticals prepared as amorphous materi- 
als by lyophilization are given in Table 7. 



E. Removal of Solvent from a Solvate or Hydrate 

Solids can sometimes be rendered amorphous by the simple expedient 
of allowing solvent molecules of crystallization to evaporate at modes 
temperatures. If the solvent merely occupies channels in the crystal 
structure, the structure often remains intact, but when the solvent is 
strongly bonded to molecules of the host, the structure frequently will 
collapse when the solvent is removed and one obtains an amorphous 
powder. A few examples of amorphous solids obtained in this manner 
are found in Table 8. 
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Table 7 Amorphous Pharmaceuticals Obtained by Lyophilization 



Compound 



Method used 



Reference 



Lactose 

MK-0591 
Raffinose 

Sucrose 

Dirithromycin 

Cefalexin 

Calcium gluceptate 
Griseofulvin 



Tolobuterol hydrochloride 

E1040 

Glutathione 

Aspirin 



Ketoprofen 



Glibenclamide 



Lyophilization of a 5% Aqueous [130] 
Solution 

Lyophilization [131] 
Lyophilization of a 10% aqueous [132] 

solution frozen at — 45°C 
Lyophilization of 10% aqueous. [133] 

solutions 

Freeze-drying from methylene [134] 

chloride solution 
Aqueous solution frozen at [135] 

-196°C, then freeze-dried 
Lyophilization of a saturated aque- [136] 

ous solution 
Freeze-drying from 2% aqueous [137] 

solution 

Freeze-drying of solutions of [138] 

griseofulvin or of solutions of 

mixtures of griseofulvin and 

mannitol in dioxane or 1 : 1 di- 

oxane-water with fast freezing 

in liquid nitrogen 
Freeze-drying of aqueous solution [139] 
Freeze-drying of aqueous solution [140] 
Freeze-drying of a 5% aqueous [141] 

solution 

Freeze drying of an aqueous solu- [142] 
tion in the presence of 1.0% hy- 
droxypropyl-p-cyclodextrin 

Freeze-drying in the presence of [143] 
heptakis-(2,6-0-dimethyl)-(3- 
cyclodextrin 

Freeze-drying with p-cyclodextrin [144] 
(rapid freezing with liquid nitro- 
gen) 

Freezing at liquid nitrogen temper- [145] 
ature, freeze-drying over 24 
hours 
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Compound 



Method used 



Reference 



Naproxen 

Sodium ethacrynate 
p-Aminosalicylic acid 
Ceftazidime 
Cefaclor 

Cephalothin sodium 
Cefamandol sodium 
Cefazolin sodium 
Nicotinic acid 



Colyophilization (223K and 
0.013 torr) of naproxen and 
hydroxyethyl-p- 
cyclodextrin, or hydroxypro- 
pyl-P-cyclodextrin 
Rapid freezing of an aqueous 
solution to -50°C, followed 
by freeze-drying 
Colyophilization of p-amino- 
salicylic acid in aqueous so- 
lution with pullulan 
Freeze-drying a nearly satu- 
rated aqueous solution of 
the free acid 
Freeze-drying from a nearly 
saturated aqueous solution 
Freeze-drying from a 25% 

aqueous solution 
Freeze-drying from a 25% 

aqueous solution 
Freeze-drying an aqueous solu- 
tion at low temperature 
Freeze-drying in the presence 
of (3-cyclodextrin (fast-freez- 
ing); and heptakis (2,6-O-di- 
methyl)-p-cyclodextrin 



[146] 



[147] 

[148] 

[149] 

[149] 
[149] 
[149] 
[149] 
[150] 



F. Precipitation of Acids or Bases by Change in pH 

If the level of supersaturation is carefully controlled, it is often possible 
to avoid crystallization when a water-soluble salt of a weak acid is 
precipitated with a base, or when a water-soluble salt of a weak base 
is precipitated with an acid. When crystalline iopanoic acid is dissolved 
in 0 1 N NaOH, and 0.1 N HC1 is added, an amorphous powder is 
precipitated [43]. A similar phenomenon is observed in the case of the 
precipitation of piretanide [155]. Another example in this genre is the 
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Table 8 Amorphous Pharmaceuticals Obtained by Solvent Removal of 



Compound 


Method used 


Reference 


Tranilast anhydrate 


Dehydration of the monohydrate 


[151] 




over P 2 0 5 




Raffinose 


Lyophilization and heat drying of 


[132] 




the pentahydrate 




Erythromycin 


Heating the dihydrate for 2 hours 


[152,153] 




at 135°C in an oven, and then 






cooling to room temperature 




Calcium DL-pantothenate 


Drying the methanol : water 4 : 1 


[154] 




solvate in vacuo at 50-80°C 





precipitation of amorphous calcium carbonate, which occurs when a 
calcium chloride solution is combined with a sodium carbonate solution 
at 283K [156]. 



na 
of 
tai 



Tl 
de 
th 
ni 
th 
er 
ar 
bl 
m 



n 



G. Miscellaneous Methods 

Earlier during the discussion on the preparation of polymorphs, the 01 
doping of crystals was mentioned as a technique for encouraging the fc 
formation of one type of polymorph over another. Similarly, if a dopant c ] 
is employed at levels that will disrupt the crystal lattice, the substance S1 
can be made to solidify as an amorphous material. Duddu and Grant n 
[157] observed changes in the enthalpy of fusion of (-)-ephedrinium s< 
2-naphthatenesulfonate when the opposite enantiomer, (-f)-ephedrin- 
ium 2-naphthalenesulfonate, was added as a dopant. 

When m-cresol was added to a suspension of insulinotropin crys- 
tals grown from a normal saline solution, the crystals were immediately 
rendered amorphous. It was postulated [158] that the m-cresol mole- 
cules diffused into the crystals through solvent channels and disturbed 
the lattice interactions that ordinarily maintained the integrity of the 
crystal. When zinc acetate or zinc chloride was added to the suspension, 
the zinc ion stabilized the crystal lattice so that the subsequent addition 
of m-cresol did not alter the integrity of the crystals. 

Sometimes solvents exert a similar effect. When a small amount 
of ethyl acetate is added to a calcium chloride solution prior to addition 
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Solvent Removal 



Reference 


hydrate 


[151] 


Irying of 


[132] 


2 hours 


[152,153] 


nd then 




rature 




er 4:1 


[154] 


-80°C 





/hich occurs when a 
m carbonate solution 



of polymorphs, the 
for encouraging the 
Similarly, if a dopant 
lattice, the substance 
il. Duddu and Grant 
of (— )-ephedrinium 
omer, (-t-)-ephedrin- 
int. 

f insulinotropin crys- 
ils were immediately 
t the m-cresol mole- 
annels and disturbed 
I the integrity of the 
led to the suspension, 
; subsequent addition 
tals. 

/hen a small amount 
tion prior to addition 



of sodium fenoprofen, the calcium fenoprofen that precipitates has a 
low degree of crystallinity [159]. Similarly, when calcium DL-pantothe- 
nate is precipitated from methanol or ethanol solution by the addition 
of acetone, ether, ethyl acetate, or other solvents, the precipitate ob- 
tained is found to be amorphous [154]. 



V. SUMMARY 

The pharmaceutical development scientist who is assigned the task of 
demonstrating that a substance exhibits only one crystalline form, or 
that of discovering whether additional forms exist, can utilize the tech- 
niques outlined in this chapter as a starting point. Upon completion of 
this program, one can certainly conclude that due diligence has been 
employed to isolate and characterize the various solid-state forms of 
any new chemical entity. One should always be aware that nuclei capa- 
ble of initiating the crystallization of previously undiscovered forms 
might be lurking around the laboratory, ready to confound the investi- 
gator should their effects become known. In addition, the phenomenon 
of "disappearing polymorphs" can come into play, and techniques that 
formerly yielded the same crystals every time may subsequently yield 
crystals of another, more stable form. In the future, the use of computer 
simulations of alternative crystallographic structures will suggest how 
much laboratory work might be required to isolate the polymorphs or 
solvates of a given compound. Until then, the empirical approach re- 
mains superior. 
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